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DEPARTMENT  OF  THE  ARMY 

U  S  ARMY  AVIATION  MATERIEL  LABORATORIES 
FORT  EUSTIS.  VIRGINIA  23604 


The  object  of  this  contractual  effort  was  to  perform 
additional  testing  on  a  regenerative  engine  to  deter¬ 
mine  environmental  effects  on  performance  and  structural 
integt ity . 

This  report  was  prepared  by  Allison  Division  of  General 
Motors  Corporation  under  the  terms  of  Contract  DA  44-177- 
AMC-293(T) .  It  describes  the  tests  performed  and  the 
results  of  those  tests.  Discussion  is  presented  in  areas 
of  endurance,  sand  and  dust  erosion,  carbon  fouling, 
and  noise  generation. 

The  regenerative  engine  demonstrated  the  ability  to  meet 
performance  requirements  under  all  conditions  tested. 

No  significant  adverse  effects  were  noted  that  would  be 
attributable  to  the  regenerative  eng..ne  system. 

This  report  has  been  reviewed  by  technical  personnel  of 
this  Command,  and  the  conclusions  and  recommendations 
contained  herein  are  concurred  in  by  this  Command. 
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ABSTRACT 


This  report  is  a  s  ipplement  to  USAAVLA.BS  Technical  Report  68-9.  It 
covers  the  aaditicnal  regenerative  engine  testing  accomplished  to  deter¬ 
mine  environmental  effects  on  the  performance  and  structural  integrity  of 
the  regenerators.  The  additional  testing  was  done  on  the  same  hardware 
purchase  i  under  the  original  contract. 

The  thi'-d  set  oi  regenerm us  successfully  completed  a  150-hour  endurance 
test  on  die  first  attempt  with  no  indication  of  regenerator  performance,  de¬ 
terioration  or  loss  in  structural  integrity.  The  regenerator;,  accumulated 
a  total  of  191  hours  and  in  excess  of  ?78  starts  and  4500  accelerations. 
Overall  engine  performance  was  within  the  5%  allowable  depreciation  at 
the  completion  of  the  test. 

The  second  set  of  hardware  successfully  completed  carbon  fouling  and 
sand  *md  dust  ingestion  tests  with  no  performanc<  loss  due  to  carbon  foul¬ 
ing  or  any  evidence  of  erosion  or  loss  in  structural  integrity  due  to  sand 
and  dust  ingestion. 

The  analysis  of  Jhe  sound  survey  da  +  a  obtained  under  the  original  contract 
indicated  that  the  regenerative  engine  perceived  noise  level  was  one  to 
three  decibels  1  iwer  than  that  of  the  nonreger  e'-ative  eng'ne  when  installed 
in  the  YOH-GA  helicopter. 

The  additional  testing  covered  in  this  report  again  demonstrated  the  feasi¬ 
bility  of  a  regenerative  engine  as  a  powerplant  for  aircraft  operation.  No 
problems  were  encountered  which  would  indicate  that  a  regenerative  engine 
would  more  susceptible  to  performance  depreciation  than  the  standard 
T63  er  rine. 
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INTRODUCTION 


Application  of  regene  ri  aon  to  the  small  gas  turbine  can  provide  a  signifi¬ 
cant  improvement  in  Army  aircraft  range  capability  and  in  furl  logistics. 
However,  very  little  is  known  about  regenerator  performance  under  actual 
operating  conditions. 

The  original  program  under  this  contract  was  divided  into  three  phases. 
Phase'  I  consisted  of  the  design  and  fabrication  of  the  regenerator  and  re¬ 
quired  engine  modifications.  A  "bolt-on"  type  regenerator  requiring  i 
minimum  of  engine  and  aircraft  modifications  was  designed  and  fabricated. 
Phase  II  encompassed  the  engine  testing  requirt'd  to  ensure  the  flight- 
worthiness  of  the  regenerative  engine.  Phase  III  included  modification  of 
a  YOH-GA  helicopter  and  the  flight  test  of  the  regenerative  engine  powered 
helicopter  throughout  its  operating  range. 

The  regenerator  hardware  completed  the  original  program  in  excellent 
condition.  Since  the  hardware  was  available  for  further  investigation,  the 
original,  contract  was  modified  to  cover  additional  testing.  The  basic  pur¬ 
pose  of  the  additional  testing  was  to  determine  environmental  effects  on 
the  performance  and  structural  integrity  of  the  regenerators. 

This  additional  work  included  a  1  50-hour  .endurance  test,  a  carbon  fouling 
test,  a  sand  and  dust  ingestion  test,  and  a  sound  survey  analysis. 


150-HOUR  ENDURANCE  TEST 


The  150-hour  endurance  test  was  run  using  engine  S/N  400060,  which  in¬ 
corporated  the  third  set  of  regenerators.  The  regenerators  had  accumu¬ 
lated  a  total  of  16.  7  hours,  including  25  hours  flight  test,  prior  to  the 
start  of  the  endurance  test.  In  preparing  the  engine  for  test,  the  regen¬ 
erators  were  removed  for  visual  inspection  and  a  leakage  check.  The 
basic  engine  was  disassembled  only  sufficiently  to  allow  installation  of  an 
instrumented  exhaust  colleetor.  No  attempt  was  made  to  refurbish  the 
engine  after  the  flight  test  and  prior  to  starting  the  endurance  test.  The 
mam  goal  of  the  test  was  to  obtain  additional  endurance  time  on  the  re¬ 
generators. 

The  endurance  schedule  was  set  up  to  simulate  the  anticipated  engine  op¬ 
eration  associated  with  helicopter  installation.  The  schedule  was  derived 
from  data  obtained  during  logistical  ('valuation  tests  of  a  liglT  observation 
helicopter  at  Fort  Rucker,  Alabama,  as  well  as  from  information  concern¬ 
ing  actual  combat  missions  supplied  by  the  Army.  The  150-hour  endur¬ 
ance  schedule  consisted  of  running  the  20-hour  cycle,  outlined  in  Table  I, 
seven  and  one-half  times,  for  a  total  time  of  150  hours.  One  or  the  typical 
20-minute  missions  is  shown  in  Figure  1.  The  150-hour  endurance  sched¬ 
ule  included  278  starts  and  approximately  4500  accelerations.  The  total 
time  on  the  regenerators  at  completion  of  the  endurance  test  was  101 
hours. 


TABLE 

I.  SIMULATED  FLIGHT  ENDURANCE  TEST  SCHEDULE 

No.  of 

Total  Time 

Urofile 

Mission 

Cycles 

(Hours) 

X 

Ferry 

1 

2:30 

VII 

T  raining 

1 

2:30 

VIII 

Observation,  Target 

Acquisition,  and  Reconnaissance 

1 

2:30 

IX 

Command  Control 

1 

2:30 

I 

Tactical 

5 

1:40 

II 

Tactical 

5 

1:40 

III 

C  ruise 

5 

1:40 

IV 

Cruise 

5 

1:40 

V 

Cruise 

5 

1:40 

VI 

Loiter 

5 

1:40 

20:00 

I'hv*  lf.O-hour  test  was  completed  on  thr  first  attempt,  with  very  fc'W  prob¬ 
lems  being  encountered  on  either  the  <mgine  or  Hie  regenerators.  Inspec¬ 
tion  of  the  engine  during  scheduled  shutdowns  revealed  that  the  right-side 
retaining  ring,  which  secures  the  regenerator  air  outlet  duct  to  the  outer 
combustion  ease,  had  slipped  out  of  its  groove.  The  retaining  ring  was 
reinstalled  and  the  test  was  continued.  The  right-hand  regenerator  was 
dso  removed  for  weld  repair  of  a  cracked  air  inlet  duct  at  82  and  1 -IB 
nours.  Table  II  is  a  list  of  the  unscheduled  stops  made  due  to  engine  mal¬ 
function. 


TAHITI  II. 

150- HOUR 

HN DU RANCH  THST  RKCORD 

Strip 

Km iii ran*  e 

No. 

Tune  (Ilnurs 

1  >..!.■ 

Rem  u  ks 

l  :>(. 

II 

4-8-68 

Kngine  ready  to  start  enduram  **. 

IHH 

1  HIM) 

-!-•»- liH 

Ibpl.ired  the  right- side  ret  lining  ring,  which 
sn  tires  the  : ■■•generator  air-out  duct  to  the 
outer  »  Hindus’ ion  *  use,  l>a<  k  into  the  groove 
from  which  it  had  worked  out. 

2-1  1 

‘lOUn 

1-  11  -  lilt 

Added  75)0  t  c  of  nil  *c>  engine  lubi  nil  system. 

211 

(.7  in 

4  -  1  5  -  6  H 

Repositioned  right  side  retaining  ring  (at 
outer  combustion  >  ii.se)  which  had  partially 
worked  out . 

:to«> 

H«>  tm 

i-  i(;-r,a 

Drained  1  1  f>0  ■  .  of  oil  from  art  essory 
gearbox  breather  dottle  and  added  BOO  <  <  of 
oil  *o  engine  lude  oil  system. 

,ui 

HI?:  io 

l-  1 f*  -  t»H 

Removed  r  ight  regenerator  for  repair  of 
i ra<  ks. 

:M7 

lon-ot; 

1- 18-68 

Repositioned  rignt  turbine  air  tooling  flex 
lines  which  vere  ru.ihing  on  outer  combus¬ 
tion  case.  Slight  oil  leak  at  rear  power 
takeoff  pa'4. 

.U‘» 

1 01?:. i(l 

4-  1  8- 68 

Added  bin  <-r  Qf  oh  t(,  engine  lude  oil  system. 

.DO 

l.io:oo 

4-22-68 

Crack  noted  on  right  regenerator  at  tur¬ 
bine  t  noling  air  fitting. 

•11?  7 

1-11:111 

4-23-68 

Unscheduled  stop.  Right  regenerator  re¬ 
moved  to  repair  <  ra«  k  at  cooling  air  fitting. 

1  in 

14Vri8 

4-211-68 

Repositioned  ngiit-side  retaining  ring  (;it 
outer  combustion  case)  which  had  partially 
worked  out.  Drained  d.Tfi  n  of  oil  from 
act  essory  gearbox  breather  bottle. 

\  \4 

l  '»t)  00 

4-24-68 

Completed  enduram  e  run.  Noted  slight  oil 
leak  at  rear  power  takeoff  and  fuel  pump 
pads.  Drained  12f>  ic  of  oil  from  aci  essory 
gearbox  breather  bottle. 

I  fHl.liff'HflW'i'  <iHF  IM  '1  H"f  !*!ti-V'  l|f7,‘ 


In  addition  to  the  150-hour  endurance  test,  a  pro-  and  postcndurnnee 
calibration  run  was  made  at  standard  sea  level  conditions.  The  test  re¬ 
sults  are  shown  in  Figures  2  and  3.  Fngine  performance  at  the  start  of 
the  test  was  below  the  estimated  performance  level.  However,  as  pre¬ 
viously  stated,  no  attempt  had  been  made  to  refurbish  the  engine  to  en¬ 
sure  estimated  performance.  The  basic  engine  bail  accumulated  a  total 
of  515  hours  at  the  completion  of  the  endurance  test.  Of  this  total,  3  12 
hours  were  accumulated  as  a  regenerative  engine.  At  13B0°F  (military 
power)  the  engine  depreciation  was  4.  1  '#  in  horsepower  and  2.3%  in 
specific  fuel  c  onsumption,  which  is  within  the  5"'  allowable  performance 
depreciation  for  the  basic  engine.  In  terms  of  regenerator  performance, 
the  hot  side-  effect iv<- ness  dec reused  2  to  3  but  the  cold  side  effective¬ 
ness  remained  e?t-  .itially  the  same. 

The  pressure  drops  were*  within  0.  5%  on  the  pro-  and  postendurance  c  ali¬ 
bration.  The  regenerator  performance  indicated  little  or  no  depreciation 
in  the  regenerator  as  a  result  of  the  endurance  testing. 

The  regenerators  were  pressure  cheeked  prior  to  and  folio,  ing  the  endur¬ 
ance  test.  \t  20  psig,  both  til  >  left-  and  right-hand  regenerators  had  a 
leakage  rate  well  below  0.0045  pound  per  minute  on  both  chm  ks,  indicating 
that  all  tubes  and  braze  joints  were  intact. 

The  regenerators  were  photographed  prior  to  and  after  the  150-hour  en¬ 
durance  test.  At  the  completion  of  the  test,  there  was  a  light  deposit  of 
carbon  on  the  tubes  but  no  evidence  of  buckling  of  any  of  the  individual 
tubes  in  the  core.  In  fact,  the  carbon  deposit  was  heavier  prior  to  start¬ 
ing  the  test  than  it  was  after  the  completion  of  the  150-hour  endurance 
test.  The  Last  hour  of  flight  testing  consisted  of  low-power  operation, 
which  increases  the  accumulation  of  soft  carbon.  However,  the  post¬ 
endurance  calibration  was  terminated  with  tin'  maximum  power  operation. 
Thus,  most  of  the  carbon  was  burned  off.  Condition  of  the  regenerator 
core  is  shown  in  Figures  4  and  3. 

The  regenerator  on  the  right  side  was  removed  tw'ire  during  the  endurance 
test  for  weld  repair  of  cracks  that  developed  in  the  inlet  air  duct  at  the 
auxiliary  turbine  cooling  air  fitting;  a  loss  of  power  of  !!  to  13"'  at  1380°F 
TOT  resulted.  The  weld  beads  show  the  location  of  these  cracks  in 
Figure  fi. 

Other  cracks  of  a  minoi  nature  occurred  in  the  exhaust  ducting  but  were 
of  no  consequence  with  regard  to  performance.  The  exhaust  duct  cracks 
are  shown  in  Figure  7 
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Pressure  Loss,  A  P/P  x  100—%  Regenerator 
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□  Cold  Side— Pre  endurance 


Figure  3.  Pre-  and  Postendurance  Calibration  Results. 


Figure  4.  P  N  6858369  Regenerator  Prior  to  150-Hour  Endurance  Test 
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CARBON  FOULING  TEST 

No  indication  of  carbon  fouling  was  encountered  during  the1  150-hour  test. 
However,  it  is  known  that  carbon  buildup  will  bi  most  prevalent  during 
idle  running.  Therefore,  a  lest  program  was  set  up  to  determine  if  ex¬ 
tended  idle  running  would  build  up  an  excessive  amount  of  carbon  on  the 
outside  of  the  tubes  which  would  result  in  performance  depreciation.  The 
second  portion  of  the  test  consisted  of  high  power  running  to  determine  if 
the  buildup  could  be  eliminated  by  running  at  high  power.  Table  III  out¬ 
lines  the  test  schedule. 


TABLE  III.  CARBON  FOULING  TEST 

SCHEDULE 

Time  (Hours) 

Preendurance  Calibration 

3 

Engine  Operation  at  Idle 

3 

Postendurance  Calibration 

3 

Engine  Operation  at  55°o  Power 

f> 

Engine  Operation  at  Normal  Power 

2 

Engine  Operation  at  Takeoff  Power 

_1_ 

Total 

1  7 

Engine  S/N  400067  with  the  second  set  of  regenerators  was  used  for  this 
portion  or  the  test  program.  This  engine  was  originally  intended  for  use 
as  spare  parts.  Again,  no  attempt  was  made  to  refurbish  the  engine  ex¬ 
cept  to  install  the  instrumented  exhaust  collector.  The  second  set  of  re¬ 
generator.!  had  completed  63.5  hours  (including  the  50-hour  flightworthi- 
ness  test)  prior  to  starting  the  carbon  fouling  test.  The  regenerators 
were  in  excellent  condition,  with  no  leakage  in  any  of  the  tubes  or  braze 
joints. 


The  engine  was  installed  for  the  carbon  fouling  tost.  After  completion  of 
the  calibration,  engine  oil  consumption  increased  suddenly.  Five  quarts 
of  oil  were  used  in  15  minutes  operation.  It  was  suspected  that  the  No.  5 
carbon  seal  had  failed,  allowing  oil  to  enter  the  exhaust  collector  and 
pass  through  the  regenerator. 


The  engine  was  removed  and  the  turbine  disassembled.  The  carbon  seal 
was  leaking  slightly,  but  the  majority  of  the  on  consumption  was  due  to  a 
plugged  scavenge  oil  tube  in  the  power  turbine  support.  In  the  T6.3-A-5 
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engine,  the  sc  vengc  oiL  strut  has  an  oil  tube  that  extends  up  into  the 
hollow  strut.  This  tube  was  found  to  be  plugged,  Engine  S/N  400060, 
which  had  completed  the  150-hour  tost  without  plugging,  did  not  have  this 
tube  installed.  Engine  S/\  400067  was  completely  cleaned  and  assembled 
without  the  scavenge  oil  tube  and  with  a  new  carbon  seal  installed.  The 
engine  completed  the  rerun  of  the  preendurance  calibration  test  schedule, 
but  high  oil  consumption  was  again  encountered  after  completion  of  the 
calibration.  The  external  sump  was  found  to  be  plugged.  The  sump  was 
replaced,  and  a  glass  bottle  was  installed  so  that  the  oil  flow  from  the 
sump  could  be  monitored.  High  gearbox  pressure  indicated  the  possibility 
of  a  worn  air-oil  seat  which  was  allowing  hot  gas  to  heat  the  oil  sump  area 
to  the  coking  temperature  of  the  oil. 

The  test  program  was  continued.  A  total  of  6  hours  was  completed  at  idle 
speed  to  build  up  carbon  on  the  regenerator  core.  Engine  oil  consumption 
during  this  period  and  also  during  the  postendurance  calibration  was  m  g- 
ligible.  However,  oil  consumption  again  increased  during  the  last  data 
point  and  five  quarts  of  oil  were  used  in  approximately  15  minutes  opera¬ 
tion. 

The  pro-  and  postendurance  calibration,  shown  in  Figures  8  and  !),  indi¬ 
cated  no  depreciation  in  engine  performance  after  3  hours'  running  at 
idle.  Performance  at  takeoff  temperature  (1380°E  TOT)  was  284  horse¬ 
power  and  0.  55  specific  fuel  consumption.  Regenerator  performance  in¬ 
dicated  no  change  in  effectiveness  and  only  0.  1  to  0.  2"'.,  increase  in  pres¬ 
sure  drop  on  the  hot  side.  Since  the  data  indicated  no  denreciation  in 
performance,  the  last  8  hours  of  the  test  schedule  were  deleted.  The 
test  program  indicated  that  with  a  clean-burning  engine  and  proper  atten¬ 
tion  to  tube  size  and  spacing  of  the  core,  no  carboning  problems  will  be 
encountered  on  a  regenerative  engine. 

Further  investigation  of  the  oil  coking  problem  revealed  that  the  pressure 
oil  nozzle  in  the  power  turbine  support  was  flowing  approximately  one- 
third  of  the  normal  oil  flow.  This  lower  oil  flow,  plus  the  higher  sump 
temperature  assort  ited  with  the  worn  air-oil  seal,  resulted  in  the  coking 
of  the  scavenge  oil  system.  It  was  found  that  the  nozzle  was  partially 
plugged  with  foreign  material.  Replacing  the  pressure  oil  nozzle  elimi¬ 
nated  the*  coking  problem.  The  subsequent  sand  and  dust  test  was  com¬ 
plete.  without  further  oil  coking  problems 
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Figure  8.  Pre-  and 


Postcar  boning  Test  Calibration  Results 


lire  9.  Pre-  and  Posfcarboning  Test  Calibration  Results. 


1  4 


As  mentioned  previously,  approximately  five  quarts  of  oil  went  through 
the  regenerators  after  the  postenduranee  calibration.  This  oil  passed 
through  the  regenerator  in  a  liquid  state  as  shown  in  Figure  10.  The 
liquid  oil  removed  ah  carbon  deposits  from  the  outside  of  the  tubes. 
There  was  also  some  evidence  of  coked  oil  on  the  tubes  at  the  junction  of 
the  tubes  to  the  header.  However,  the  high  oil  consumption  occurred  aft< 
the  completion  of  the  postendurance  calibration.  Therefore,  the  perfor¬ 
mance  evaluation  before  and  after  the  3-hour  idle  run  was  valid. 


Figure  10.  P/N  6858502  Regenerator  After  Carbon  Fouling  Test. 


SAND  AND  DUST  INGESTION 


The  sand  and  dust  ingestion  test  on  the  regenerative  engine  was  conducted 
in  accordance  with  Ailison  TG3-A-5A  Model  Specification  580-F  and  the 
Official  10-Hour  Dust  Ingestion  Test.  The  object  of  the  test  program  was 
to  determine  if  the  regenerators  were  capable  of  withstanding  the  same 
dust  environment  as  the  basic  engine. 

The  dust  used  for  the  test  was  0-200  micron  A-C  coarse  test  dust  conform¬ 
ing  to  Specification  MIL -A-  13488B.  The  micron  size  of  the  dust  and  per¬ 
cent  by  weight  are  shown  in  Table  IV. 


The  dust  used  was  supplied  at  a  rate  of  0.  0015  gram  per  cubic  foot.  When 
based  on  engine  airflow  for  Normal  power  at  standard  day  sea  level  con¬ 
ditions,  this  rate  was  determined  to  be  0.  '4  pound  per  hour.  The  dust 
rate  was  verified  by  weighing  at  30-minute  intervals.  Total  dust  ingested 
was  4.4  pounds  over  the  10  hours  of  dust  ingestion. 

Ambient  air  was  utilized  throughout  the  dust  testing,  bu*  50°  unity  ram 
pre-  and  postendurance  calibrations  were  made  to  verify  performance  de¬ 
preciation. 

The  test  schedule  consisted  of  alternate  15-minute  periods  at  75"'o  normal 
power  with  and  without  dust  followed  by  5- minute  intervals  without  dust  at 
normal  and  takeoff  power.  The  test  schedule  was  set  up  to  minimize  the 
accumulation  of  fused  silica  on  the  first  stage  turbo  e  nozzle  and  combus¬ 
tion  liner.  The  test  schedule  is  outlined  in  Table  V. 

A  typical  dust  ingestion  test  setup  is  shown  in  Figure  11.  The  dust  is  in¬ 
jected  into  the  compressor  inlet  plenum  where  it  mixes  with  the  compres¬ 
sor  inlet  air  from  facilities.  The  dust  then  pusses  through  the  engine  and 
exits,  along  with  the  exhaust  gas,  into  the  test  stand  exhaust  duct. 
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TABLE  V.  SAN I)  AND  DUST  INGESTION  TEST  SCHEDULE 


A. 

Preingestion  Calibration  (standard  sea  level  unity  ram  conditions) 

13. 

Stabilize  at 

1148°  TOT.  Ingest  dust  at  a  rate  of  0.  44  lb/hr  main- 

tuining  N  ^  s 

peed  for  the  following  schedule: 

1 . 

15  minutes  with  dust  on 

2. 

15  minutes  with  dust  off 

2. 

15  minutes  with  dust  on 

4. 

15  minutes  with  dust  off 

b . 

Shut  down  for  10  minutes  and  weigh  dust  ingested. 

G. 

Eire  up  and  stabilize  at  1240°  for  5  minutes;  then 
run  5  minutes  at  maximum  rated  conditions. 

c. 

Stal)iiize  at 

11.48°  TOT  and  run  the  following  schedule: 

1 . 

15  minutes  with  dust  on 

2. 

3 . 

15  minutes  with  dust  off 

15  minutes  with  dust  on 

4. 

15  minutes  with  dust  off 

f)  . 

Shut  down  for  1  hour  and  weigh  dust  ingested. 

G. 

Eire  up  and  stabilize  at  1  240°  TOT  for  5  minutes; 
then  run  5  minutes  at  maximum. 

I). 

Repeat  B  and  C  until  10  hours  of  dust  time  or  10  cycles  have 

elapsed. 

E. 

Postingestion  Calibration  (standard  sea  level  unity  ram 

conditions) 

The  postendurance  calibration  indicated  a  26%  horsepower  depreciation. 
However,  the  majority  of  this  depreciation  was  due  to  buildup  under  the 
compressor  impeller  shroud.  The  T63-A-5  engine  used  on  this  test  pro¬ 
gram  incorporated  an  impeller  with  a  full  shroud.  The  T63-A-5A  impeller 
incorporates  a  short  shroud  impeller  which  does  not  accumulate  dust. 

To  obtain  a  true  indication  of  the  engine  depreciation,  one- half  of  the  com¬ 
pressor  ease'  was  removed  and  tlu*  area  under  the  impeller  shroud  was 
cleaned.  The  postendurance  calibration  was  then  rerun  after  the  impeller 
was  cleaned.  The  test  results  are  shown  in  Figures  13  and  14. 

In  terms  of  regenerator  performance,  the  leakage  check  showed  zero 
leakage,  indicating  that  all  tubes  and  braze  joints  were  intact.  The  pres¬ 
sure  drop  on  the  hot  side  showed  a  0.5%  increase  and  the  pressure  drop 
on  the  cold  side  decreased  0.  7%.  The  effectiveness  on  the  cold  side  re¬ 
mained  1  hr  same,  while  the  hot  side  effectiveness  decreased  2%.  The 
changes  in  regenerator  performance  are  within  the  accuracy  and  repeat¬ 
ability  of  the  instrumentation. 

In  terms  of  engine  performance,  the  depreciation  was  comparable  with 
that  of  the  T63-A-5A,  as  shown  in  Table  VI.  The  performance  deprecia¬ 
tion  for  the  regenerative  T63  engine  was  approximately  2%  higher  than 
that  of  the  TG3-A-5A. 


'FABLE  VI.  PERFORMANCE  DEPRECIATION  COMPARISON 


Regenerative 


Horsepower 

T03-A 

-5  A 

T63-A- 

-5 

280 

12  hp 

4.  3% 

20  hp 

7. 

15% 

230 

10  hp 

7.  05% 

22  hp 

0. 

2% 

2  15 

21  hp 

0.  75% 

25  hp 

1  1. 

6% 

One  of  the  potential  problem  areas  in  the  regenerator  is  dust  collection  in 
the  air  inlet  and  outlet  ducts.  To  determine  the  amount  of  dust  collected 
in  the  regenerators,  the  regenerators  were  weighed  before  and  after  the 
dust  ingestion  test.  The  increase  in  weight  was  0.  04  pound  on  the  left- 
hand  regenerator  and  0.  07  pound  on  the  right-hand  regenerator.  This  in¬ 
crease  in  weight  is  not  considered  to  be  significant.  Figures  15  and  16 
show  the  left-hand  regenerator  after  the  dust  ingestion  test.  There  was 
some  indication  of  a  scale  formation  on  the  first  row  of  tubes  (gas  inlet) 
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Figure  13.  Predust  and  Postdust  Ingestion  Calibration  Results 
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Regenerator  Effectiveness 
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Figure  14.  Predust  ant  Postdust  Ingestion  Calibration  Results. 
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Figure  15.  P/N  6858501  Regenerator  (Left  Side)  After  Dust  Ingestion, 


as  shown  in  Figure  15.  On  the  gas  outlet  side  there  was  a  film  of  dust 
collected,  as  shown  in  Figure  IB.  The  tubes  were  wiped  in  the  center  to 
give  some  indication  of  the  thickness  of  the  film. 

After  completion  of  the  test  program,  the  core  of  the  left-hand  regenerator 
was  investigated  metallurgiealLy.  This  investigation  was  directed  toward 
obtaining  evidence  of  erosion  and  corrosion.  All  of  the  ducts  were  re¬ 
moved,  and  the  core  was  cut  at  the  split  header  which  defines  the  inter¬ 
face  between  the  first  and  second  pass. 

Figure  17  defines  the*  tegenerator  configuration  and  can  be  used  to  locate 
the  areas  which  were’  photographed  during  the  metallurgical  evaluation. 
Figures  18  and  10  show  the  first  pass  of  the  regenerator  core.  There  is 
an  indication  of  surface  scale  on  the  outside  of  the  gas  inlet  tubes,  as 
shown  on  Figure'  18.  Most  of  the  dust  that  had  collected  on  the  outside  of 
the  gas  outlet  tuber  during  the*  test  had  been  shaken  off  dm*  to  normal 
handling. 

Figures  20  and  21  show  the  condition  of  the  second  pass  of  the  regenerator 
eo.  •  .  Again,  there  was  no  visual  indication  of  erosion  or  damage  to  the 
tubes  as  a  resuLt  of  the  dust  ingestion.  There  was  no  evidence  that  the 
scale  on  the  gas  inlet  side  was  more  pronounced  than  the  scale  on  the 
first  pass. 

Further  investigation  of  the  scale  revealed  that  it  couk  be  easily  brushed 
from  the  tube  wall  surface  and  was  soluble  in  water.  The  scale  formation 
extended  through  the  first  seven  rows.  A  soap-and- water  wash  eliminated 
all  the  scale;  however,  there  was  still  an  indication  of  surface  discolora¬ 
tion,  as  shown  in  Figure  22. 

At  the  completion  of  the  sand  and  dust  test,  the  third  set  of  regenerators 
had  accumulated  106  hours  of  engine  testing.  Since  the  endurance  time 
accumulated  can  be  considered  significant,  the  tubes  were  analyzed  to 
determine  if  there  was  any  indication  of  incipient  corrosion  or  oxidation. 
Tube  specimens  were  taken  from  rows  1,  2,  13,  and  25  on  both  the  first 
and  second  pass  of  the  regenerator  core.  The  specimens  were  mounted, 
ground,  and  inspected  at  up  to  200X  magnification. 

Figure  23  shows  the  typical  condition  of  the  inside  diameter  of  the  tubes. 

All  tubes  in  both  the  first  and  the  second  pass  were  very  clean,  with  the 
exception  of  braze  on  the  ID  of  some  tubes  in  the  vicinity  of  the  tube-to- 
header  braze  joint. 
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Gas  Outlet-First  Pass 

Figure  18.  Gas  Side  of  Regenerator  Core-  First  Pass 


Gas  Inlet  -  First  Pass 
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Gas  Inlet— Second  Pass 


Gas  Outlet —Second  Pass 


Figure  20.  Gas  Side  of  Regenerator  Core— Second 
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Second  Row— Second  Pass 


Third  Row— Second  Pass 


Third  Row— Second  Pass 
(Braze  Present) 


Figure  23.  Inside  Diameter  of  Gas  Inlet  Tubes— 6X  View. 
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Tubes  were  randomly  selected  throughout  the  core*  to  cheek  for  any  indi¬ 
cations  of  oxidation  on  tlm  outside'  and  inside  of  the  tuber.  There  was  no 
evidence  of  oxidation  on  the  outside  of  the  tubes.  The  inside  of  the  tubes 
showed  no  oxidation  on  those  tubes  without  braze.  The  tubes  with  braze 
generally  showed  no  oxidation  except  for  one  or  two  tubes  in  the  first 
rows  of  the  sec o.' d  pass  of  the  core. 

There  was  an  indication  of  incipient  oxidation  on  the  surface  of  the  braze 
and  in  the  braze  diffusion  zone  of  isolated  tubes  in  this  area  of  the  core  as 
shown  in  Figure  2  1.  The  oxidation  penetration  was  approximately  0.0005 
inch.  The  oxidation  is  not  considered  to  be  serious  and  the  photomicro¬ 
graphs  are  included  primarily  to  document  ttie  oxidation.  The  tube  metal 
temperatures  in  the  first  rows  of  the  second  pass  of  the  core  ranged  from 
800  to  1300°F.  The  steady- stati  metal  temperatures  were  in  the  neighbor¬ 
hood  of  800°F,  with  peak  temperatures  in  the  1300°F  range  during  tran¬ 
sients. 

Since  the  incipient  oxidation  was  always  associated  with  braze  on  the  in¬ 
side  of  the  tubes,  it  is  reasonable  to  believe  that  even  this  slight  oxidation 
could  be  eliminated  with  the  elimination  of  the  braze. 

Tn  general,  the  metallurgical  investigation  showed  that  the  regenerator 
was  in  excellent  condition  after  10  hours  of  dust  ingestion  and  a  total  of 
106  hours  engine  testing. 
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Figure  24.  Cross  Section  of  Gas  Inlet  Tubes— 200X. 


Oxidation  on  ID  of  Tube  with  Braze 
(Second  Pass— Second  How) 
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SOIWI)  SFKVKY  ANALYSIS 


Sound  survi'v.s  were  conducted  on  the  Allisi  i  Plant  10  flight  f. . < •  i  1 1 1 union 
as  parasitic  tests  during  tin-  performance  >  dilation  of  the  T03  engine  in 
tin  Ungues  YOH-uA  helicopter.  Data  were  obtained  ,  rum  both  the  regen- 
erative  (250-F3)  and  the  standard  (TO  I- A  A  engines  so  that  the  effect  of 
the  regenerator  on  engine  noise  could  b<  m  icrn  uied. 

Changes  in  the  exhaust  no//te  re  pured  l>\  iie  '  illation  :  the  regenerator 
an-  shown  in  figures  25  throng!  27. 

Identical  test  procedures  w .  r<  used  m  both  •  uses  n  pro'dde  uniform  data 
for  comparison  purposes.  The  hel  i>  ipte,  v,  ,4  s  hovered,  n  ground  effect, 
while  noise  was  recorded.  The  n.  rophone  positions  m  re  in  pi-dcgrec 
inc rein ents  fi  nm  /.rro  ( front)  to  1  HO  degrees  around  the  h  ft  side  of'  t he 
heliropn  r  on  a  ]i)0-foo1  radius  from  the  main  rotor  nasi. 

Data  reduction  was  accomplished  by  pla>  in g  the  noise  recordings  b.u  ! 
through  one-third  octave  fillers.  The  filti  red  lcvc*l  was  digitized  so  that 
the  microphone  ,md  recording  system  corrections  and  all  compul  at  i  ons 
could  be  made  by  computer.  PXdB  conversions  were  made  using  the 
tables  ,.nd  method  given  in  SAL  Alt  P  005.  Sound  power  compulations 
followed  the  classical  method  as  shown  in  Figure  28.  Sound  pressure 
level  symmetry  was  assumed  in  determining  sound  power. 

Noise  received  by  the  microphone  is  a  composite  from  engine  and  non- 
eiigine  sources.  The  most  important  nonrnginr  noise  sources  are  the 
helicopter  main  and  tail  rotors.  The  major  portion  of  rotor  noise  is 
casilv  identified  because  of  its  direct  relation  to  rotor  speed  and  number 
of  rotor  blades.  Table  VII  presents  a  description  of  the  robe-  system  and 
the  frequencies  at  which  rotor  noise  will  appear. 

Analysis  of  the  noise  data  proi  ceded  with  two  objectives  in  mind. 

©  Determine  the  l'fect  of  the  regenerator  on  engine  noise. 

©  Evaluate  engim  and  rotor  noise  in  terms  of  human  environment. 

The  effect  of  the  i  egeneralor  on  engine  noise  was  analyzed  in  terms  of 
sound  power  to  avoid  the  possibh  onfusion  arising  from  changes  in  sound 
direction  associated  with  the  installation  of  the  regenerator.  One  Miird 
octave  band  sound  power  levels  for  the  191  horsepower  (hover  in  ground 
effect  at  maximum  gross  weight)  and  29  ( idle*)  horsepower  conditions  aim 
shown  in  Figures  29  and  30.  At  191  horsepower,  the  dominance  of  rotor 
noise  clearly  extends  to  the  -4  00-  1 1 y  band.  Above  400  Hz,  the  effect  of  the 
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Figure  27.  YOH-6A  Helicopter  With  250-E3  (Regenerative)  Engine 


TABLE  VII.  ROTOR  PASSAGE  FREQUENCIES 


1 1' 'ii 

Ratio 


No.  o' 
Ml.nl.  s 


1'oa ♦  r  Turlon* 
S | m •  < ■  1 1  (RMM) 


K..O.I  S;»  ,  ,| 

(Ii/) 


.1  000 
2*1,  •■till 

2*>,  ‘jon 


r  ;> .  ooo 
2.*»,  m)o 
.!*>,  200 


M.iin 


o.  oHf»2 


w  1  on 

\\ 

aroust ic  power  —  watts 

r 

hi'iii ispher  iral  radius  —  meters 
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Figure  28.  Sound  Power  Calculation  Method. 


Figure  29.  One-third  Octave  Band  Sound  Power  Levels  at  191  HP. 


Legend:  Gas  Producer  Power  Turbine  Shaft 

Engine  Type  (N^)  Speed  (RPM)  (X2)  Speed  (RPM)  Power  (HP) 


Figure  30.  One -third  Octave  Band  Sound  Power  Level  at  29  HP. 


r<  generator  is  clearly  revealed  as  a  two-  to  three-decibel  reduction  in 
power  level.  Below  400  Hz,  although  partially  obscured  by  the  rotor 
noise,  a  reduction  in  exhaust  nozzle  noise  is  evident  in  the  100-to  IGO-Hz 
bands.  Even  though  the  regenerator  did  produce  measurable  noise  re¬ 
duction,  it  is  doubtful  that  the  reduction  would  be  noticed  by  a  casual  ob¬ 
server  since  the  two-  to  three-decibel  high-frequency  reduction  is  near 
the  threshold  of  detection  (15  to  20%  noise  change)  and  the  change  in  ex¬ 
haust  noise  would  be  masked  by  the  unchanging  rotor  noise, 

At  idle,  the  comparison  is  confusing.  Definite  noise  reductions  occurred 
in  the  exhaust  noise  bands  (80  to  160  Hz)  anrl  in  the  3 1 5- to- 500  Hz  bands. 
The  source  for  the'  815-to-50U  Hz  bands  is  not  known.  Above  the  680-11/ 
band,  noise  actually  increased  with  the  regenerator  installed.  The  ten¬ 
dency  to  peak  in  the  4000-  and  8000-11/  bands  mav  point  to  an  explanation 
for  this  unexpected  result.  The  peaking  tende  ncy  points  to  the  presence 
of  discrete  tones  in  these  bands.  The'  tones  appear  in  the  same  bands  for 
the  regenerative*  and  the  nonregene*rative  configurations,  indicating  that 
the  source  is  relateel  to  speed  variation.  Since  the*  ratio  of  observed  gas 
producer  speeds  (81,  188  to  21,  980  rprn)  is  greater  than  the  ratio  of  bane! 
center  frequencies,  the  tones  must  be  associated  with  power  turbine 
speed.  The  engine  has  only  one  source*,  the  power  takeoff  drive  gear, 
which  would  contribute  to  the  4000-  and  8000- Hz  bands.  Details  of  the 
helicopter's  main  reduction  gearbox  train  are  not  known,  so  possible  con¬ 
tributions  from  this  source  cannot  be  identified.  Since  the  noise  above 
the  630-Hz  band  is  linked  to  power  turbine  speeds,  it  appears  that  at  low 
horsepower,  this  portion  of  the  spectrum  is  dominated  by  gearbox  noise 
from  the  engine  or  tin*  helicopter  or  both.  The  higher  levels  observed 
with  the  regenerator  installed  could  be  the  result  of  the  higher  power 
turbine  speed  during  this  testing. 

Figure  81  presents  the  previously  discussed  noise  reductions  indirect 
form  as  the  difference  for  each  one-third  octave  band  between  the  non- 
regenerative  and  regenerative  configurations. 

Perceived  noise  (PNdB)  for  the  1  91  -  horsepower  and  29-horsepower  con¬ 
ditions  is  shown  in  Figures  82  and  88  in  polar  form  to  illuotrate  the  vari¬ 
ation  in  PNdB  around  the  helicopter.  Changes  in  perceived  noise  between 
the  regenerative  and  nonregenerative  engine  follow  the  observations  made 
concerning  sound  power.  At  191  horsepower,  the  regenerative  configura¬ 
tion  is  quieter  b\  1  to  8  PNdB  from  29  degrees  to  170  degrees  around  the 
helicopter.  At  29  horsepower,  the  regenerative  configuration  shows  an 
increase  of  1  to  4  PNdB  in  the  forward  arc  (0  to  lit)  degrees),  which  was 
due  to  variations  in  rotor  speed. 
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Figure  32.  100-Foot  Distance  Perceived  Noise  Level  at  191  HP _ PNdP. 
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The  maximum  levels  of  perceived  noise  101.  0  and  102.  5  PNdB  for  the  re¬ 
generative  and  nonregenerative  configurations  fall  within  the  range  of 
commonly  observed  but  undesirably  high  airport  noise.  These  levels  will 
vary  with  changes  in  horsepower  and/or  distance.  At  distances  or  alti¬ 
tudes  of  about  1000  feet,  the  maximum  level  should  be  80  to  85  PNdB  or 
less  which  is  generally  acceptable  by  today's  standards. 

Figure  34  shows  the  changes  in  perceived  noise  between  the  nonregenerative 
and  regenerative  configurations  for  both  191  and  29  horsepower. 

The  noise  emitted  from  the  helicopter  was  evaluated  for  possible  hearing 
damage  risk  using  MIL-A-8806  Revision  B  (proposed)  as  a  guide.  Figure 
35  shows  a  comparison  of  tin*  criteria  and  the  maximum  observed  band 
levels.  The  band  levels  were  adjusted  to  account  for  the  change  in  band 
width  prior  to  plotting  them  in  Figure  35. 

The  maximum  one-third  octave  band  levels  observed  at  100  feet  are  shown 
in  Table  VIII  and  do  not  indicate  any  significant  damage  risk  for  exposures 
of  about  1  hour  or  less.  However,  crew  members  working  within  25  feet 
of  the  helicopter  should  he  provided  with  ear  protection  if  their  exposure 
will  exceed  15  minutes. 

The  measured  sound  pressure  levels  used  to  compute  sound  power  and 
perceived  noise  levels  are  shown  in  Figures  36  through  57. 


TABLE  VIII.  MAXIMUM  OBSERVED  ONE -THIRD  OCTAVE 
BAND  SOUND  PRESSURE  LEVELS  AT  PH)  FEET 

One-Third  Octave  Band  Center 

Sound  Pressure 

Frequency  (Hz) 

Level  (db) 

16 

75 

31.  5 

88 

63 

82 

125 

91 

250 

9u 

500 

91 

1000 

88 

2000 

83 

4000 

7 o 

8000 
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Shaft  Power  (HP) 
29  (Idle) 

191 


Distance  Perceived  Noise  Level  Reduction — PNdB. 
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Figure  35.  Damage  Risk  Criteria. 


Legend:  Gas  Producer  Power  Turbine  Shaft 

Engine  Type  (Nx)  Speed  (RPM)  (n2)  Speed  (RPM)  Power  (HP) 


Aziraith  Angle 

Figure  36.  Sound  Pressure  Level  at  191  HP — Overall. 
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Figure  37.  Sound  Pressure  Level  at  191  HP — Octave  Band  Center  Frequency  =  16  Hz. 
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Azimuth  Angle 

Sound  Pressure  Level  at  191  HP — Octave  Band  Center  Frequency  =  63  Hz. 


Producer  Power  Turbine 


Azimuth  Angle 

Sound  Pressure  Level  at  191  HP — Octave  Band  Center  Frequency  =  125  Hz 


Legend:  Gas  Producer  Power  Turbine  Shaft 

Engine  Type  (Nx)  Speed  (RPM)  (n2)  Speed  (RPM)  Power  (HP) 


Gas  Producer  Power  Turbine 


Sound  Pressure  Level  at  191  HP— Octave  Band  Center  Frequency  =  500  Hz 
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?ure  43.  Sound  Pressure  Level  at  191  HP-Octave  Band  Center  Frequency  =  1000  Hz. 
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Figure  45.  Sound  Pressure  Level  at  191  HP— Octave  Band  Center  Frequency  =  4000  Hz. 
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Pressure  Level  at  29  HP— Octave  Band  Center  Frequency 
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Pressure  Level  at  29  HP  — Octave  Band  Center  Frequency  =  1000  Hz 


Power  Turbine 


1 


Azimuth  Angle 

Figure  55.  Sound  Pressure  Level  at  29  HP — Octave  Band  Center  Frequency  =  200U  Hz 


SI  MM  ARY  OF  RESULTS 


1.  The  third  set  of  regenerators  successfully  completed  a  150-hour  en¬ 
durance  lest  on  the  first  atten~.pt  with  no  indication  of  regenerator 
performance  deterioration  or  loss  in  structural  integrity.  The  regen¬ 
erators  accumulated  a  total  of  191  hours  ind  in  excess  of  278  starts 
and  4500  accelerations.  Overall  engine  performance  was  within  the 
5"'o  allowable  depreciation  at  the  completion  of  the  test. 

2.  The  second  set  of  regenerators  completed  the  carbon  fouling  test  with 
no  performance  depreciation.  Engine  performance  after  8  hours' 
idle  running  was  the  same  as  the  preendurance  calibration.  Carbon 
fouling  was  never  a  problem  throughout  the  entire  test  program. 

8.  The  second  set  of  regenerators  also  successfully  completed  a  10-hour 
sand  and  dust  ingestion  test  with  no  evidence  of  erosion  or  deprecia¬ 
tion  in  regenerator  performance.  Overall  engine  depreciation  was 
comparable  to  the  depreciation  encountered  on  the  TG8-A-5A  without 
a  regenerator.  There  were  no  leaks  in  any  of  the  tubes  oi  braze 
joints,  and  metallurgical  examination  showed  no  erosion  or  oxidation 
on  any  of  the  tubes.  However,  isolated  tabes  with  braze  on  the  inside 
diameter  of  the  tube  indicated  incipient  oxidation  in  the  braze  diffusion 
zone  and  on  the  surface  of  the  braze. 

4.  The  addition  of  a  regenerator  reduced  the  sounu  power  level  and  per¬ 
ceived  noise  level  one  to  three  decibels.  Ever,  though  the  regenerator 
did  produce  measurable  noise  reduction,  it  is  doubtful  that  the  reduc¬ 
tion  would  be  noticed  by  a  casual  observer,  since  the  two-  to  three- 
decibel  high-frequency  reduction  is  near  the  threshold  of  detection 
(15  to  20°o  noise  change)  and  the  change  in  exhaust  noise  would  be 
masked  by  the  unchanging  rotor  noise. 
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CONCLUSION’S  AND  RECOMMENDATIONS 


The  test  data  obtained  during  this  program  have  demonstrated  the  feasi¬ 
bility  of  a  regenerative  engine  as  a  powerplant  for  aircraft  operation. 
There  was  no  evidence  of  excessivi*  performance  depreciation,  erosion, 
carbon  fouling,  or  toss  of  structural  integrity.  The  test  results  did  not 
reveal  any  inherent  design  characteristics  which  indicate  that  the'  service 
life  of  the  regenerators  is  not  equivalent  to  that  of  the  basic  engine. 

Future  design  studies  for  small  gas  turbines  should  consider  the  advan¬ 
tages  of  regeneration.  Engine-aircraft  design  studies  should  be  made  to 
evaluate  the  effect  of  the  lower  required  fuel  capacity  on  overall  aircraft 
design  and  performance.  For  those  aircraft  requiring  infrared  suppres¬ 
sion,  the  reduced  infrared  signature  of  the  regenerative  aircraft  can  be 
taken  into  consideration  when  determining  overall  aircraft  design  and 
performance. 
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This  report  us  .1  supplement  to  rSAAVLAHSTechnir.il  Report  If  rovers  the  addition.:!  regenerative 

enyin  testing  accomplished  to  determine  rnvironmental  rffe<  ts  on  the  performance  and  strut  lural  integrity 
of  ’hr  regenerators.  The  additional  testing  was  done  on  the  same  hardware  purchased  under  the  original 
contract. 

The  third  set  of  regenerators  successfully  completed  a  150-hour  endurance  test  on  the  first  attempt  with 
no  indication  of  regenerator  performance  deterioration  or  loss  in  structural  integrity.  The  regenerators 
accumulated  a  total  of  11)1  hours  and  in  ex  ess  of  270  starts  and  4500  accelerations.  Overall  engine  per¬ 
formance  was  within  the  5 allowable  depreciation  at  the  completion  of  the  test. 

The  second  set  of  hardware  successfully  completed  carbon  fouling  and  sand  and  dust  ingestion  tests  with  no 
performance  loss  due  to  carbon  fouling  or  anv  evidence  of  erosion  or  loss  in  structural  integrity  due  to 
sand  and  dust  ingestion. 

The  analysis  of  the  sound  survey  data  obtained  under  the  original  contract  indicated  that  the  regenerative 
engine  perceived  noise  level  u as  one  to  three  decibels  lower  than  that  of  the  nonregenerativc  engine  when 
installed  in  the  H)ll  HA  helicopter. 

The  additional  testing  covered  in  thus  report  again  demonstrated  the  feasibility  of  a  regenerative  engine  as 
a  po'A e rplaiit  for  aircraft  operation.  No  problems  were  encountered  which  would  indicate  that  a  regener¬ 
ative  engine  would  be  more  susi  eptible  to  performance  depreciation  than  the  standard  T(5 1  engine. 


